The objective of this work was to study nutritional strategies for decreasing methane production by ruminants fed tropical diets, combining in vitro and in vivo methods. The in vitro approach was used to evaluate the dose effect of condensed tannins (CT) contained in leaves of Gliricidia sepium, Leucaena leucocephala, and Manihot esculenta (39, 75, and 92 g CT/kg DM, respectively) on methane production and ruminal fermentation characteristics. Tannin-rich plants (TRP) were incubated for 24 h alone or mixed with a natural grassland hay based on Dichanthium spp. (control plant), so that proportions of TRP were 0, 0.25, 0.5, 0.75, and 1.0. Methane production, VFA concentration, and fermented OM decreased with increased proportions of TRP. Numerical differences on methane production and VFA concentration among TRP sources may be due to differences in their CT content, with greater effects for L. leucocephala and M. esculenta than for G. sepium. Independently of TRP, the response to increasing doses of CT was linear for methane production but quadratic for VFA concentration. As a result, at moderate tannin dose, methane decreased more than VFA. The in vivo trial was conducted to investigate the effect of TRP on different ruminal microbial populations. To this end, 8 rumen-cannulated sheep from 2 breeds (Texel and Blackbelly) were used in two 4 × 4 Latin square designs. Diets were fed ad libitum and were composed of the same feeds used for the in vitro trial: control plant alone or combined with pellets made from TRP leaves at 44% of the diet DM. Compared to TRP, concentration of Ruminococcus flavefaciens was greater for the control diet and concentration of Ruminococcus albus was least for the control diet. The methanogen population was greater for Texel than for Blackbelly. By contrast, TRP-containing diets did not affect protozoa or Fibrobacter succinogenes numbers. Hence, TRP showed potential for mitigating methane production by ruminants. These findings suggest that TRP fed as pellets could be used to decrease methane production.
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INTRODUCTION
It has been estimated that enteric methane (CH 4 ) accounts for 39% of greenhouse gas emissions by livestock supply chains (Gerber et al., 2013) . In ruminants, CH 4 originates mainly from enteric fermentation. Research on mitigating CH 4 emissions from ruminants has received much attention, especially during the last decade (Martin et al., 2010) . Some plant secondary compounds, in particular tannins, show potential for decreasing enteric CH 4 emissions from ruminants (Jayanegara et al., 2012) . Ruminants fed tropical forages containing tannins generally produce less CH 4 than when fed forages without tannins (Archimède et al., 2011) . However, tannins are a diverse group of compounds, and information on the efficacy of different tannins contained in plants and their appropriate dose is still fragmentary.
The objectives of the present study were to investigate the effect of including, in a forage diet, 3 tropical tannin-rich plants (TRP) available in numerous countries in large amounts-Leucaena leucocephala, Gliricidia sepium, and Manihot esculenta-on enteric CH 4 production and to evaluate their influence on amount of methanogens, protozoa, and total and main cellulolytic bacteria. For this purpose, 2 experiments were performed: an in vitro trial to evaluate the doseresponse effect of these 3 plants on ruminal fermentation and CH 4 production and an in vivo trial to evaluate the effect of including these 3 plants as pellets in a forage diet, based on natural grassland hay, on ruminal fermentation and microbial populations. Replacing part of the diet by TRP in a pelleted form has not been investigated before for its effects on CH 4 production by ruminants, even though it may offer a valuable way to make practical use of TRP on a large scale.
MATERIALS AND METHODS
The in vivo study was performed in the French West Indies (Guadeloupe; 16.16 N, 61 .30 W; 3,000 mm annual rainfall and temperatures range of between 21 and 25°C during the rainy season and 27 and 31°C during the dry season). The experiment took place during the rainy season from June to September 2012. The in vitro trial and the microbial ecosystem analyses of the in vivo trial were performed in France (metropolitan). These animals were treated in accordance with the guidelines and regulations for animal experimentation of the French Ministry of Agriculture and other applicable international guidelines for animal experimentation (Canadian Council on Animal Care, 1993).
Plant Origin and Chemical Characterization
Three TRP, L. leucocephala, G. sepium, and M. esculenta, were studied. Each resource was a mixture coming from collections on multiple sites placed on diversified clay soils (deep ferralitic soils, allophane and halloysite soils, and vertisols). The soils were not fertilized. Leucaena leucocephala and G. sepium came from 9-to 12-mo-old fallow farmland and M. esculenta was collected from 12-mo-old plantations. The younger branches (stems and leaves), less than 6 mo old, of L. leucocephala, G. sepium, and M. esculenta were harvested and then sun dried for 2 d. The leaves with petioles were isolated from the stem, ground (through a 3-mm screen), and and granulated with a GR150E system (Oliotechnology, Burgun, Wissembourg, France) . The average size of the pellets was 12 mm long by 3 mm in diameter.
The forage used as control (Ctl) was hay from a 75-d regrowth of natural grassland based on Dichanthium spp. grown with irrigation and mineral fertilization (100 kg of mineral nitrogen·ha -1 ·yr -1 ) in Grande-Terre, Northeast Guadeloupe. Before feeding to animals, hay was coarsely chopped with a biomass chopper (Honda 8 HP overhead valve engine, Torrance, CA), resulting in a wide particle size range of approximately 20 to 50 mm in length.
All plant material that was analyzed was ground to pass through a 1-mm sieve and stored at 4°C for analysis according to the Association of Official Analytical Chemists (1990). Organic matter was determined by ashing at 550°C for 6 h (Association of Official Analytical Chemists [AOAC] method number 923.03). Crude protein was determined by the Dumas method (CP; N × 6.25; AOAC method number 992.15). Cell wall components (NDF and ADF) were determined with residual ash (AOAC methods number 200.04 and 973.18). Condensed tannins (CT) were extracted in an ultrasonic bath with a 70% (vol/vol) aqueous acetone solution (Giner-Chavez et al., 1997) and isolated with Sephadex LH-20 (Sigma-Aldrich, St-Louis, MO). Condensed tannin content was determined using the vanillin-H 2 SO 4 method according to Laurent (1975) . A 70% (vol/vol) H 2 SO 4 solution containing 1% vanillin (wt/vol) was added to the methanolic extract of the plant, and absorbance was measured at 500 nm. Concentrations were determined using as standard 1) a commercial tannin extract (quebracho) for all plants to rank plants according to tannin concentration and 2) individual extracts of each plant for a more accurate determination of tannin concentration. An individual calibration curve was prepared from CT extracted from each plant, so that the tannin concentration of each plant was determined using its own standard.
In Vitro Experiment
Incubation Procedure. The donor animals were 3 wethers of the Texel breed fitted with a ruminal cannula and weighing 61.5 ± 1.5 kg. They were fed 900 g daily of a hay diet (natural grassland based on Dichanthium spp. and grown in Guadeloupe) divided into equal amounts at 0700 and 1900 h and were adapted to this hay for 3 wk before the beginning of incubations.
Three series of 24-h incubations were performed and initiated at 3-d intervals. For each series, a homogenous 500-g sample of ruminal contents was obtained from each animal before morning feeding. Contents were strained through polyester cloth (250-μm mesh aperture). The liquid phase from the 3 wethers was pooled in equal amounts and sent to the laboratory within 15 min after rumen sampling. Incubations were performed in 100-mL vials. Each incubation series comprised a blank without substrate and 13 vials containing 400 mg of substrate. Substrates were the Ctl, L. leucocephala, G. sepium, M. esculenta, and mixtures of the Ctl and each of the 3 TRP in ratios of 25:75, 50:50, and 75:25. Incubations were performed according to a procedure derived from Goering and Van Soest (1970) using 25 mL of buffer and 15 mL of strained rumen fluid. At the end of incubations, gas production was measured using a pressure transducer, and samples of gas (5 mL) were taken for analysis. Fermentor content was weighed and then centrifuged at 5,000 × g for 10 min at 4°C. For VFA determination, 0.8 mL of filtrate was mixed with 0.5 mL of 4 mg/mL crotonic acid and 20 mg/mL metaphosphoric acid in 0.5 M HCl and frozen at -20°C until analysis. Ruminal liquid filtrate was sampled for VFA analysis as described by Morgavi et al. (2013) . For ruminal ammonia (N-NH 3 ), 1 mL of supernatant was added to 0.1 mL of H3PO4 5% (vol/vol) and frozen at -20°C until analysis.
Chemical Analyses and Calculations.
Gas composition was determined by gas liquid chromatography (Micro GC 3000A; Agilent Technologies, Les Ulis, France) within 2 h after sampling. Individual gas standards were used for calibration. Volatile fatty acids were analyzed by gas chromatography using crotonic acid as the internal standard on a CP 9002 Gas Chromatograph (CP 9002; Chrompack, Middelburg, Germany) using a wall-coated open-tubular fused silica column (0.25 mm i.d. by 25 m) coated with CP-wax 58 FFAP CB . Ruminal ammonia was determined colorimetrically using the automated phenol-hypochlorite method of Weatherburn (1967) . Fermented OM (FOM; %) was calculated from VFA production according to a stoichiometric equation (Demeyer and Van Nevel, 1975) : FOM = 162 (0.5 acetate + 0.5 propionate + butyrate + valerate) × 40/OM introduced in the fermentor, in which VFA are expressed in moles and 40 is the volume of liquid, in milliliters, in the fermentor.
Statistical Analyses. In a first step, an ANOVA that included effects of TRP source (L. leucocephala, G. sepium, or M. esculenta) and proportion of TRP (0, 25, 50, 75, or 100% of the mixture of Ctl hay and TRP source in the substrate) was performed. The values of the 3 runs were averaged before being used for each TRP source and proportion. The GLM procedure of SAS (SAS Inst. Inc., Cary, NC) was used. The model was
in which Y is the dependent variable, μ is the overall mean, and e is the error, i being the nature of the source (3 levels: L. leucocephala, G. sepium and M. esculenta) and j being the 5 levels of proportion: 0, 25, 50, 75 and 100% of the mixture of Ctl hay and TRP source in the substrate. Statistical differences were declared significant at P ≤ 0.05.
In a second step, VFA and CH 4 production for all TRP and proportions were related to CT content of incubated substrates, determined either using quebracho extract or extracts from each TRP as standard. A covariance analysis was performed according to the model
in which Y is the dependent variable, Tannins is the concentration in CT, Tannins × Source is the interaction between tannin concentration and the source of TRP (L. leucocephala, G. sepium, or M. esculenta), μ is the overall mean, and e the error, a and b being the coefficients of the model, and i being the nature of the source (3 levels: L. leucocephala, G. sepium and M. esculenta). Statistical differences were declared significant at P ≤ 0.05. Then, polynomial regressions were tested using the GLM procedure of SAS between VFA concentration and CH 4 as dependent variables and tannin concentration as independent variable according to the model Y = a + bTannins + cTannins 2 + e, a, b and c being the coefficients of the equation. To provide more accurate estimates, the nonsignificant term was removed from the model. Animals and Experimental Design. The research was performed during the rainy season at the experimental animal station of the INRA of the French West Indies (Petit-Bourg, Guadeloupe). Two sheep breeds were used, Texel (n = 4) of temperate origin and Blackbelly (n = 4) of tropical origin, in two 4 × 4 Latin square designs, with 1 square per breed. Sheep were 2-yr-old rams. Their BW was 41.2 ± 3.9 kg for Texel and 51.2 ± 3.7 kg for Blackbelly sheep. Each was fitted with a ruminal cannula. Diets consisted of the same Ctl forage as in the in vitro study or in association with 3 treatments in which L. leucocephala, G. sepium, or M. esculenta were given as pellets at an average of 44% of the daily ration. Rams were adapted to each treatment for 21 d before ruminal sample collection and fed twice daily at 0700 and 1900 h. Animals had ad libitum access to forage. Rams were housed in a semiopen barn and had free access to water and salt block at all times.
Ruminal Sampling. Ruminal content (approximately 200 g) samples were collected just before and 3 h after the morning meal and strained through polyester monofilament fabric (250-μm mesh aperture) to separate the liquid phase. The pH was immediately measured using a portable pH meter (CG837 Ag/AgCl electrode; Schott Gerate, Mainz, Germany). For VFA, ruminal fluid filtrate was collected and analysis was performed according to the above method.
For molecular analysis, approximately 30 g of ruminal content was diluted with 15 mL of ice-cold PBS (pH 6.8) and homogenized using a Polytron grinding mill (Kinematica GmbH, Steinhofhalde, Switzerland) for three 1-min cycles with 1-min intervals on ice. Approximately 0.5 g was transferred into 2-mL tubes and immediately stored at -80°C for DNA extraction. Three milliliters of ruminal fluid was added to 3 mL of methyl green formalin saline (MFS) solution (35 mL/L formaldehyde, 0.14 mM NaCl, and 0.92 mM methyl green) and stored in the dark at room temperature until protozoa were counted.
Deoxyribonucleic Acid Extraction and PCRDenaturing Gradient Gel Electrophoresis. Total DNA was extracted from approximately 200 mg of frozen ruminal sample using the QIAamp DNA purification kit (Qiagen, Hilden, Germany) according to the protocol of Yu and Morrison (2004) . The DNA concentration and quality were checked by the A260 and A280 absorbance ratio in a NanoQuant Plate on a spectrophotometer (Infinity; Tecan, Männedorf, Switzerland). The extracted DNA was diluted to 10 ng/μL and used as a template for PCR to amplify the rrs gene of total bacteria and the mcrA gene for methanogens group. The primers used are listed in Table 1 . When PCR products were used for denaturing gradient gel electrophoresis (DGGE), forward primers included a guanine-cytosine clamp (approximately 40 nucleotides). All PCR reactions were performed in a T100 Thermal Cycler (Bio-Rad Laboratories, Marnesla-Coquette, France) using the conditions described by Sadet et al. (2007) and Popova et al. (2011) . Polymerase chain reaction products were analyzed by electrophoresis on 2% agarose gel (wt/vol) to check their size and estimate their concentration using a Low DNA Mass Ladder (Invitrogen, Carlsbad, CA).
For DGGE analysis, the amount of PCR product loaded on gels was adjusted to 100 ng for both bacterial rrs and methanogen mcrA genes. Gels had a 6 to 8 (wt/vol) polyacrylamide gradient and a denaturant gradient of 30 to 55% for rrs and 10 to 30% for mcrA. Electrophoresis was performed in 0.5x Tris -Acetic acid -EDTA buffer (TAE buffer 1x, 40 mM Tris base, 40 mM glacial acetic acid, and 1 mM EDTA) at 200 V and 60°C for 5 h. Gels were silver stained using a commercial kit (Bio-Rad Laboratories) and analyzed using GelCompar II (Applied Maths, Kortrijk, Belgium).
Quantitative PCR. The quantitative PCR (qPCR) for total bacteria (rrs gene) and methanogens (mcrA gene) was accomplished according to Morgavi et al. (2013) . The slope and efficiency for rrs and mcrA primers were -3.45 and 95.59% and -3.43 and 95.09%, respectively, with R 2 > 0.99 in both cases. The cellulolytic bacteria Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus were quantified with primers targeting the rrs gene (Koike and Kobayashi, 2001; Denman and McSweeney, 2006) . The slope and efficiency for each primer pair was, respectively, -3.19 and 105.8%, -3.52 and 92.3%, and -3.54 and 91.5%. The qPCR efficiency with DNA samples was found to be similar to that obtained with the standard curves. For each ruminal content sample, results were expressed as the mean of 3 replicates in rrs or mcrA copies per gram of ruminal content. Protozoa Counting. Ruminal fluid/MFS solutions were diluted in an equal volume of PBS before protozoa enumeration under a microscope (400x) in a Neubauer chamber (Dutscher, Brumath, France).
Statistical Analysis. Statistical analyses were performed using the mixed procedure of SAS with treatment, breed, treatment × breed interaction, and period as fixed effects and animal within breed as random effect according to the model
i being the nature of treatment (4 levels: control, L. leucocephala, G. sepium and M. esculenta), j being the animal breed (2 levels, Texel and Blackbelly) and k being the period number (4 levels from 1 to 4) Orthogonal contrasts were also determined, first between the Ctl diet vs. all TRP (G. sepium, L. leucocephala, and M. esculenta; contrast C1) and second between the Ctl diet and L. leucocephala and M. esculenta (contrast C2); this latter contrast was calculated because the tannin content of G. sepium is much less than that of L. leucocephala and M. esculenta. For total VFA and N-NH 3 concentrations, an additional analysis was made using DMI and digestible OM as covariate. Statistical differences were declared significant at P ≤ 0.05.
RESULTS

Chemical Composition
The nutrient composition and tannin content of TRP are shown in Table 2 . All the TRP had greater CP content than the Ctl, with the most CP in L. leucocephala and G. sepium. By contrast, NDF and ADF contents were less in TRP than in the Ctl. Condensed tannin content of the tested forages ranged from 39 to 92 g/kg DM with standards extracted from each plant and 18 to 89 g equivalent quebracho/kg DM; L. leucocephala and M. esculenta leaves had greater CT concentration than G. sepium leaves.
In Vitro Experiment
Differences in ruminal fermentation among treatments were monitored through the production of total gas and CH 4 , VFA concentration, OM degradation, and N-NH 3 content (Table 3) . Gas and CH 4 production at 24 h decreased significantly with TRP proportion (P = 0.03 and P = 0.02, respectively) but did not significantly depend on TRP source (P = 0.07 and P = 0.08, respectively). When the statistical model included CT concentration as covariate, there was no effect of TRP source for any parameter and the interaction between TRP source and CT was not significant. Figure 1 shows the regression between CH 4 for all TRP with standards extracted from each plant or with quebracho standard; both linear regressions are highly significant (P < 0.0001; R 2 = 0.79 and R 2 = 0.75, respectively). Quadratic terms of the regression were not significant. Volatile fatty acid concentration, FOM, and N-NH 3 significantly decreased with TRP (P = 0.02) but did not significantly depend on TRP source (P = 0.16, P = 0.14, and P = 0.43, respectively). Neither acetate or propionate proportions nor acetate:propionate ratio varied with TRP proportion (P = 0.16, P = 0.34, and P = 0.86, respectively) with CT dose. However, propionate proportion and the acetate:propionate ratio varied with TRP source (P = 0.02 and P = 0.03, respectively), being lower and higher, respectively, for M. esculenta than for G. sepium and L. leucocephala (comparison of means; data not shown). Butyrate, branched-chain VFA, and valerate proportions increased (P = 0.02, P = 0.003, and P = 0.004, respectively) with TRP proportion but did not vary with TRP source. When the statistical model included CT concentration as covariate, there was no effect of TRP source for any parameter and the interaction between TRP source and CT was not significant. Figure 1 shows the regression between VFA concentration and CT concentration for all TRP. When CT were expressed with standards extracted from each plant, the quadratic regression was significant (P < 0.0001, R 2 = 0.92). When CT were expressed with quebracho standards, the best fit was obtained by linear regression (P = 0.01, R 2 = 0.46). 
In Vivo Experiment
Ruminal Fermentation Characteristics. Ruminal fermentation characteristics of Texel and Blackbelly sheep fed TRP are shown in Table 4 . Ruminal pH was greater (P = 0.01) for Texel than for Blackbelly before feeding but was not different 3 h after feeding (P = 0.59). Volatile fatty acid concentration was greater in TRP diets than for the Ctl diet before and 3 h after feeding (P = 0.02 and P < 0.001, respectively). When DMI and digestible OM were included as covariates, the effects of TRP on VFA concentration before and after feeding were not modified: covariates were not significant and treatment effect remained significant (P = 0.02 before feeding for both covariates and P = 0.03 and P < 0.01 after feeding when DMI and digestible OM were taken as covariates, respectively). Before feeding, the percentage of propionate and the acetate:propionate ratio did not vary among diets (P = 0.15 and P = 0.11, respectively), the percentage of acetate decreased (P = 0.03), and the percentage of butyrate increased (P < 0.001) in TRP diets. By contrast, the percentage of acetate and the acetate:propionate ratio decreased after feeding (P < 0.001) whereas that of propionate and butyrate increased (P < 0.001 and P < 0.01, respectively) with diets containing TRP. No changes occurred in the percentage of branched-chain VFA before or after feeding (P = 0.06 and P = 0.09, respectively). Blackbelly sheep had greater total VFA concentration before feeding than Texel sheep (P < 0.01) whereas no significant difference among breeds was observed for other parameters before feeding and for any parameter after feeding. When DMI and digestible OM were included as covariates, the effect was unchanged: covariates were not significant and breed effect remained significant before feeding (P = 0.03 and P = 0.02 for DMI and digestible OM, respectively) and nonsignificant after feeding. In this study, TRP had no effect on N-NH 3 concentrations before or after feeding (P = 0.11 and P = 0.95, respectively); no effect of breed was observed before or after feeding (P = 0.13 and P = 0.09, respectively).
Microbial Populations. Results of qPCR amplification of the bacterial rrs and archaeal mcrA gene copies are summarized in Table 5 . Concentration of bacterial rrs copies was significantly affected by CT (P = 0.04), but this effect did not seem to be related to the presence of CT, as the same effect was not observed for other TRP (P = 0.24 and P = 0.53 for contrasts C1 and C2, respectively). The effect of TRP on fibrolytic bacteria depended on the species: R. albus number was greater (P = 0.046) while R. flavefaciens number was less (P = 0.049) for TRP diets compared with the Ctl diet. The number of F. succinogenes were not changed (P = 0.13) by TRP. No breed effect was recorded for these bacterial groups (P = 0.19, P = 0.37, and P = 0.99, respectively). Methanogens number did not depend on the presence of TRP in the diet (P = 0.25) but was lower for Blackbelly than for Texel (P = 0.04).
No differences for bacterial and methanogenic community structures, as analyzed by DGGE, were induced by the TRP diets (data not shown). Bacterial communities clustered by breed (data not shown), but Shannon, Evenness, and Dominance diversity indices, calculated from the rrs PCR-DGGE profiles, did not differ (P = 0.24, P = 0.23, and P = 0.13, respectively) between the Ctl and TRP diets (Table 6) . No effect (P = 0.56, P = 0.87, and P = 0.76, respectively) on diversity was observed for methanogens calculated from mcrA DNA PCR-DGGE profiles.
Contrasting with the absence of effect of diets, the bacterial diversity indices differed between breeds: the Shannon and Evenness indices were greater (P < 0.0001 and P = 0.01, respectively) for Blackbelly than for Texel while the Dominance index was less (P < 0.0001) for Blackbelly. The opposite occurred for methanogens, where Shannon and Evenness indices were greater (P < 0.0001 and P < 0.0005, respectively) for Texel and the Dominance index was greater (P < 0.0001) for Blackbelly.
Total protozoal numbers did not vary among diets before and after feeding (P = 0.18 and P = 0.24, respectively; Table 7 ). Large entodiniomorphs (>100 μm) were less (P < 0.01) for TRP diets than for the Ctl diet. Isotricha spp. were more abundant after feeding for TRP diets than for the Ctl diet, which had the least amount (P = 0.005). Small entodiniomorphs (<100 μm) and Dasytricha spp. populations were not different among diets before and after feeding for small entodiniomorphs and for Dasytricha spp. Breed effect was not significant for total protozoa (P = 0.94 and P = 0.67 before and after feeding, respectively) and for the different protozoal classes. 2 Treatment × breed interaction was nonsignificant for all variables. Trt = treatment. Tannin-rich diets consisted of 44% leaf pellets of tannin-rich plants and 56% of the Ctl. C1 = Ctl vs. Ll, Me, and Gs; C2 = Ctl vs. Ll and Me.
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DISCUSSION
Fiber and CP content of forages used in this study were in the range of values reported by other authors (Assoumaya et al., 2007) . However, more variation was observed for CT concentration. For L. leucocephala, our results were in the range of published data, but Longo et al. (2012) and Soltan et al. (2013) , for example, reported CT contents less than the current study (56 and 23 g/kg DM, respectively); Gliricidia spp. CT content is variable and can range between 0.5 (Bhatta et al., 2012) and 83 g/kg DM (Foroughbakhch et al., 2012 ). In the current study, M. esculenta was rich in CT, contrary to studies by Jayanegara et al. (2011) and MarieMagdeleine et al. (2010) , who reported less CT content (4 and 40 g/kg DM, respectively) for the same species. Tannin accumulation is affected by factors such as cultivar, plant maturity, phenological stage, seasonal variations, and soil properties, which also determine degree of tannin polymerization (Waghorn, 2008) . In addition, the increased temperature that characterizes the tropics is also directly associated with increased concentrations of secondary compounds in plants. This may result in differences in biological activity among species.
Relationship between Tannins and CH 4 Production
The use of tropical TRP in ruminant diets is considered a promising way to reduce CH 4 production (Jayanegara et al., 2012) . Decreased CH 4 production observed in the present study when 3 tropical TRP were used in vitro, especially for L. leucocephala and M. esculenta, confirmed results reported from in vivo data with the same forages given at 44% of DM diet (31.0 and 22.2 g CH 4 /kg DMI for the Ctl and TRP diets, on average; Rira et al., 2013) . These results are consistent with most published results (Jayanegara et al., 2012) . Soltan et al. (2013) showed that tropical forages, L. leucocephala among others, inhibit CH 4 production both in vitro and in vivo. Soliva et al. (2008) reported that G. sepium was not very effective at reducing CH 4 production. The weak CH 4 reduction induced by G. sepium seems to be linked to its reduced CT content. The current study shows for the first time a strong antimethanogenic action of M. esculenta, at variance with the results of Jayanegara et al. (2011) . However, in this latter study, CT content was very small. In contrast to the current results, Bhatta et al. (2012) reported that leaves of L. leucocephala and Gliricidia maculata, a variety close to G. sepium, were not effective at reducing CH 4 in vitro. Most divergences with the current results are probably due to a difference in CT content of TRP. Another source of variation that should be taken into account when comparing results from different authors is the method used to quantify CT (Makkar, 2003b) . More generally, studies using small to moderate tannin doses did not result in decreased CH 4 production (Beauchemin et al. [2007] , with 20 g/kg DM quebracho tannin extract).
The current study used dose-response experiments to determine whether the relationship between CT content and CH 4 production was dose dependent and whether there were minimal and maximal threshold concentrations. In the in vitro study, CH 4 production linearly decreased as the amount of CT increased. This was observed for each TRP as their proportion increased but also when CH 4 production for all the treatments was plotted against CT concentration (Fig. 1) . This suggests that CT is at least partially responsible for this effect, consistent with Huang et al. (2010) , who reported linear decreases in CH 4 production with increasing amount of CT in the range of 0 to 50 mg CT/g DM from L. leucocephala. A negative correlation was also found between the tannin content and CH 4 production when several sources were plotted, indicating that CH 4 production consistently declined as the CT content increased (Jayanegara et al., 2011) . Similarly, Tan et al. (2011) reported a linear and quadratic decrease in total gas and CH 4 production with increasing CT contents from L. leucocephala. The same effect was observed by Hess et al. (2006) using a tropical TRP, with only a linear effect. Taken together, these results show the absence of a minimum threshold and a major effect of CT content on CH 4 production. It is often considered that factors other than tannin content may also be responsible for CT effects on ruminal CH 4 production, such as the diversity of CT related to their different chemical structures and activities. Several authors have emphasized that tannin effects should be considered not only by the amount present but also by the size and weight of molecules (Patra and Saxena, 2009; Huang et al., 2010) , the number of linkage sites (Mueller-Harvey, 2006) , and interaction with other compounds (fiber, proteins, and other secondary metabolites). In line with these hypotheses, Huang et al. (2011) showed with L. leucocephala that heavier molecular weight fractions of CT had a greater inhibitory effect on CH 4 production in vitro. Despite this reported effect of the nature of tannins, this work showed that, at least for the 3 TRP studied, CT content is the major driver of changes in fermentation.
In addition, we demonstrated that the use of internal standards for CT quantification instead of a common standard improved the relationship between CT content and production of methane and concentration of VFA. Large differences in CT quantification induced by the choice of standards had been shown for 6 TRP including M. esculenta and G. sepium by Giner-Chavez et al. (1997) . Another possible reason for CH 4 decrease may be the decreased NDF content of TRP compared with control forages, which is confounded with the tannin effect and may mask it (Johnson and Johnson, 1995) . The positive relationship between cell wall components and in vivo production of CH 4 has already been discussed by many authors (Martin et al., 2010) . Hence, reduction in CH 4 production with TRP is attributable not only to CT but could be due in part to differences in other feed composition characteristics.
Relationship with N-NH 3 and VFA Concentration
Ruminal N-NH 3 concentration generally tends to decrease with CT inclusion in the diet. In in vitro conditions, Sallam et al. (2010) and Soltan et al. (2013) showed a decrease in N-NH 3 concentration with L. leucocephala. For the current study, in vitro results are not consistent with this tendency and showed an increase in N-NH 3 concentration, confirmed by the increase in branched-chain VFA originating from branched-chain AA. Differences among experiments may be due to differences in incubation conditions, because in vitro N-NH 3 concentration reflects the balance between protein degradation and synthesis and is not easy to interpret.
The current in vitro results were not consistent with the in vivo results. In the latter, N-NH 3 was not impacted by supplementation with TRP, which agrees with in vivo results found by Norrapoke et al. (2012) and Anantasook et al. (2013) with different TRP. There is general agreement that tannins decrease microbial protein degradation, mainly through the formation of tannin-protein complexes, which helps to decrease N-NH 3 concentration. However, in a review, Reed (1995) suggested that CT may 1) increase efficiency of N recycling to the rumen by decreasing ruminal N-NH 3 concentration and promoting urea influx into the rumen and 2) increase the glycoprotein content of saliva and stimulate saliva production, which could, in turn, increase N recycled to the rumen. Therefore, the CT amount in the in vivo experiment may have impacted N recycling, contributing to the lack of a negative effect of CT on ruminal N-NH 3 . Another hypothesis is that in the current in vivo experiment, DMI increased in TRP diets (16.5 and 25.8 kg/d for the Ctl and TRP diets, on average; Rira et al., 2013) , resulting in a greater concentration of N-NH 3 .
A decrease in CH 4 production due to dietary changes can be due to a decrease in the extent of carbohydrate fermentation, and thus VFA production, and/or to a shift of the VFA pattern toward propionate. In the current study, increasing CT amount decreased in vitro total VFA concentration. However, the response of VFA to CT concentration was quadratic whereas the response of CH 4 was linear. This suggests that the mode of action of CT on methanogenesis may differ at low concentrations and at greater concentrations. The effects of CT on ruminal total VFA concentration and VFA pattern vary among studies, depending on CT dose and source. Other studies report that feeding TRP to ruminants reduces total VFA production (Goel and Makkar, 2012) . This has been shown especially with tropical forages such as L. leucocephala and G. sepium Bhatta et al., 2012) . Soltan et al. (2012) reported a decrease in acetate:propionate ratio, together with increasing propionate with L. leucocephala. The dose-dependent decrease of total VFA observed in the current study when TRP were included in the diet is in agreement with a previous study on the dose-response effect of tannins (Getachew et al., 2008) . In ad-dition to the specific effect of CT, the decrease of VFA concentration could also be due to the presence of other secondary metabolites that interact with the CT and can negatively affect VFA concentrations. The tested plants grew in tropical environments where weather conditions (especially heat) favor the synthesis of numerous secondary metabolites such as saponins or essential oils, for example, saponins in M. esculenta leaves (Wobeto et al., 2007) , which may potentially decrease CH 4 production (Martin et al., 2010) . However, such compounds were not determined in our study.
A reduction of total VFA with CT supply was also expected in the current in vivo experiment, at least with L. leucocephala and M. esculenta because of their increased CT content, but an increase of total VFA with no change of VFA pattern was observed. The decrease of VFA concentration in vivo when TRP were included in the diet is the general trend (Beauchemin et al. [2007] , with a quebracho tannin supplement), with no changes in the molar ratios of acetate, propionate, and butyrate (Waghorn and Shelton, 1997) . Other in vivo studies with sheep (Priolo et al., 2000) and goats (Silanikove et al., 2006) reported that CT did not affect the VFA concentration in the rumen compared to animals receiving the same diets but supplemented with polyethylene glycol. Carulla et al. (2005) observed no change in total VFA concentration in sheep supplemented with Acacia mearnsii extract, but molar proportion of acetate decreased and that of propionate increased in sheep fed diets supplemented with CT, in line with a decrease in CH 4 . To our knowledge, there are no in vivo data on VFA concentration for the 3 TRP that were used, so a specific effect of these plants cannot be shown. In the current experiment, the increase in VFA concentration with TRP supply may be due to an increased intake, probably because the TRP were dispensed as pellets. The increased total VFA concentration indicates that despite a reduction in CH 4 production, there was no inhibition of the fermentation. The VFA results also show a discrepancy between in vitro and in vivo conditions, a reminder that caution must be exercised with the interpretation and extrapolation of in vitro data: in vitro VFA concentration reflects production whereas in vivo VFA concentration reflects the balance of production, absorption, and outflow.
Relationship with OM Degradation
The reduction in total gas and CH 4 production in vitro may have been due to a decline in OM digestibility. Digestibility is clearly impaired by increasing amount of CT in many in vitro and in vivo studies. This may be associated with the property of tannins to form complexes with natural polymers such as proteins and carbohydrates (Mueller-Harvey, 2006) , which may therefore reduce their digestibility in the digestive tract of ruminants. In the leaves of trees such as L. leucocephala and G. sepium, tannins present in the NDF and ADF fractions are already tightly bound to cell walls and proteins, which reduces their digestibility (Makkar, 2003a) . These hypotheses were supported by the in vitro results, which showed a dose-dependent decrease in OM degradation. This was a consequence of VFA decrease, as it was calculated from VFA production. This agrees with Tan et al. (2011) , who found a linear decrease of in vitro digestibility with increasing CT content. However, such a relationship is not observed in all experiments. For example, Huang et al. (2011) and Soltan et al. (2013) reported that the decline in CH 4 production with CT of L. leucocephala was not caused by a concomitant decrease in total-tract digestibility. Similarly, Carulla et al. (2005) found that an extract of A. mearnsii reduced CH 4 production by 12% without decreasing digestibility. The same result was observed in this study for in vivo digestibility measured with the same forages, suggesting that CH 4 mitigation is not simply the result of a reduced ruminal fermentation. However, the lower CH 4 production measured in vivo in this study (Rira et al., 2013) could also be due to a decrease in retention time in the rumen, suggested by the increased feed intake.
Effect on Rumen Microbial Populations
Plant secondary compounds such as CT can act against specific microbial groups so as to mitigate CH 4 production. Protozoa are important hydrogen producers, and reducing their numbers decreases CH 4 production (Guyader et al., 2014 ). In the current experiment, none of the TRP studied affected ruminal protozoal number. Effects of CT on protozoa are variable. In his review, Makkar (2003a) suggested that there is some evidence for decreased protozoal number in the presence of tannins. This has been confirmed by Animut et al. (2008) , who found a linear decrease in protozoa numbers in goats fed various amount of CT-containing forage. By contrast, Carulla et al. (2005) observed that feeding tannins from A. mearnsii extract to sheep had no effects on total protozoal population. Similarly, Jayanegara and Palupi (2010) showed that the protozoal population was not affected by CT content in either in vitro or in vivo studies; this tendency was confirmed by the same authors in a meta-analysis that did not reveal any relationship between dietary tannins and protozoal populations (Jayanegara et al., 2012) . Patra and Saxena (2009) suggested that the effect of CT on ruminal protozoal populations may depend on the type of plant and thus on the nature and concentration of tannins. To our knowledge, the in vivo effect of L. leucocephala, G. sepium, and M. esculenta on protozoa has not been reported before, so it is difficult to make definitive conclusions. Sallam et al. (2010) observed a decrease in protozoa with L. leucocephala, but for an in vitro trial, and changes in microbial populations during in vitro incubations are difficult to interpret.
In the current study, the presence of CT in feed led to a decrease in total bacteria number without affecting the number of F. succinogenes. The population of R. albus was greater in the rumen of sheep when fed TRP; on the contrary, the number of R. flavefaciens decreased. Pilajun and Wanapat (2013) reported that supplementation with TRP did not change total bacterial number in swamp buffalo. However, other studies demonstrated that TRP reduced bacterial number (Patra and Saxena, 2009; Anantasook et al., 2013) ; more specifically, F. succinogenes was strongly reduced by L. leucocephala supply (Longo et al., 2013) . The inhibitory activity of tannins against bacteria has been linked to the ability of tannins to form complexes with bacterial cell wall membranes causing morphological changes of the cell wall and secreted extracellular enzymes (Jones et al., 1994 ). In the current study, the decline of CH 4 production in the absence of any change in N-NH 3 concentration and OM degradation suggests that CT of forages may have a greater affinity for microbial protein than feed protein.
Differences between the previous studies and the current study may be due to differences of diet, dose, and activity of tannins and environmental conditions.
The lack of any effect of CT-containing forages on protozoa and bacteria populations in the present study, together with a decrease in CH 4 production, suggest a direct effect of CT on methanogens, but no decrease in methanogen population was observed in the current study. The mitigating effect of tannins is often considered to be due to a decrease in methanogens, as several experiments have shown a decrease in methanogens when TRP are supplied (Tavendale et al., 2005; Animut et al., 2008) . Nevertheless, several reports have shown no effect of TRP on methanogens (Norrapoke et al., 2012; Pilajun and Wanapat, 2013 ). An absence of toxic effect on methanogens when feeding TRP could be related to tannin-degrading enzymes and/or microbial extracellular secretions that reduce the tannin effect (Makkar, 2003a; Anantasook et al., 2013) . More studies on methanogens resistance, tolerance, or adaptation to tannins are needed to characterize the causes of this effect. Longo et al. (2013) reported that methanogen populations decreased in the presence of TRP (L. leucocephala, among others) but recovered their initial value 24 h after the decrease. Several studies demonstrated that with prolonged tannin exposure, microorganisms develop ways to survive (Mlambo et al., 2007) . In addition, action of CT on methanogens can be due to inhibition of either the population or their activity or both (Tavendale et al., 2005; Popova et al., 2011) , and only methanogen amount was measured in the current study. The effect of CT on microbial populations depends on the relative affinity of CT for feed vs. microbial protein.
The antimethanogenic activities of tannins may involve the tanning action of functional proteins (enzymes and coenzyme) located at accessible sites in methanogens (Pilajun and Wanapat, 2013) . Supplementation with CT from forages showed that bacteria and methanogen diversity indices were not different from the Ctl. These results agree with Longo et al. (2013) , who found that diversity indices of the methanogenic community did not change when L. leucocephala or other TRP were supplied. The absence of effects of CT on the microbial ecosystem may be due to putative changes in rumen outflow related to the dispensing of TRP as pellets.
Some of the differences in microbial populations among experiments may be due to differences in animal species or breeds. In the current study, a difference in methanogen population and bacterial and methanogen biodiversity between Texel and Blackbelly sheep was observed. King et al. (2011) reported a significant difference of methanogen population structure among Holstein and Jersey cattle, but a similarity of dominant archaeal populations was noted by Jeyanathan et al. (2011) between different ruminant species (sheep, cattle, and red deer). A few studies have found host species differences in the bacterial community of the rumen, but no study has compared the 2 breeds used in the current study.
In conclusion, CT from tropical forages showed, both in vitro and in vivo, a potential for mitigating CH 4 production by ruminants without noteworthy adverse effects on ruminal fermentation or in vivo digestibility. The dose-response relationship was linear, and for the 3 TRP studied, CT dose was the major factor for the response rather than the source of CT. The decreased CH 4 observed when TRP are added cannot be explained by changes of microbes that were minor; other analyses such as methanogen activity need to be performed. Interestingly, at low CT doses, the decrease in CH 4 is not accompanied by a decrease in VFA. Results from the in vivo study suggests that dietary CT from L. leucocephala, M. esculenta, and to a lesser extent from G. sepium in pellet form could be used to mitigate CH 4 production with no marked detrimental effects on other fermentative parameters. These findings are in line with other experiments showing that CT content of forages is a major determinant of their CH 4 production. Nevertheless, the development of the use of TRP in ruminant diets should take into consideration not only CH 4 production but also animal productivity.
